Abstract The cation-exchange capacities (CEC) of a previously well-characterized beidellite have been estimated nondestructively from X-ray photoelectron spectroscopy (XPS) data following exchange by various cations. The CEC obtained as an atomic ratio to silicon from Na-and Ca-clays are close to that derived chemically, i.e., 0.10(2), and 0.10(1), respectively, compared with 0.12(1). However, the apparent CEC obtained following K-, Pb-, and Ba-exchange are all about 50% greater. These measurements are complemented by XPS studies of clay exchanged in a solution containing both Ca and Ba ions where XPS gave a total apparent exchange capacity relative to Si of 0.16, with 0.10 from Ca and 0.06 from Ba. Bulk chemical analysis has, however, shown that the true Ba value is only 0.01. It is concluded that the cation excess detected by XPS---a technique with a total sampling depth of only about 100/~ is concentrated at the surfaces of the clay particles.
INTRODUCTION
X-ray photoelectron spectroscopy (XPS) has been widely used as a qualitative analytical tool in recent years. Mineralogical examples include iron-containing silicate minerals (Adams et al., 1972; Huntress and Wilson, 1972; Stucki et al., 1976) and lead sorbed on montmorillonite (Counts et al., 1973) . However, little attempt could be made in these studies to use XPS in any generally quantitative fashion. Although Wyatt et al. (1975) identified some of the factors affecting the use of the technique for the quantitative analysis of solids, generally applicable procedures of predictable reliability have only recently become available (Adams et al., 1977; Evans et al., 1977 Evans et al., , 1979a Evans et al., , 1979b . The work described in this paper is thus one of the first applications of quantitative XPS specifically to clay minerals.
In X-ray photoelectron spectroscopy, bombardment of a solid in high vacuum by soft X-rays (in this study, MgKa, 1254 eV) results in the production of photoelectrons from some core levels of all the elements present. A scan of the total electron energy spectrum accessible to the radiation used, taking less than 15 min to record, can give qualitative identification of all elements above He in the periodic table at concentrations exceeding about 2 atom % (see, e.g., Briggs, 1977) . Such a procedure is useful by virtue of its speed and its comprehensive and nondestructive nature; and qualitative analysis of 0.1-0.2 atom % is often possible with slower scans. Moreover, XPS can now be used to give a quantitative analysis for all elements present at the 0.5 atom % level and above in about 1 day. Although it is possible to analyze a mineral sample fully by traditional means, such analyses are commonly not carried out because of the time and quantity of material required; thus, the presence of minor elements can remain completely unsuspected.
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The region of the X-ray photoelectron spectrum within 100 eV of the valence band is often of particular value in studies of aluminosilicates since at least one peak from most elements likely to be present occurs in this range. Quantitative estimation of the various elements is achieved from a consideration of the relevant peak intensity ratios. Several sources of error are inherent in such procedures, arising principally in the separation of the peaks from the scattered electron background, in the determination of the relative 'sensitivity factors' (Wagner, 1977) or, more precisely, in the determination of the partial subshell photoionization cross sections (Adams et al., 1977; Evans et al., 1977 Evans et al., , 1979b , and in the neglect of multi-electron excitations . Nevertheless, Evans et al. (1979b) reported a mean accuracy of ~<12% in determining relative atomic abundances over a wide range of elements. This level of reliability is useful, even though absolute elemental determination cannot easily be performed; it is necessary to refer the number of atoms to a standard, and Si has been set equal to 1.0.
In this work, the maximum uptake of Na +, K +, Ca 2+, Pb ~+, and Ba 2+ by a well-characterized beidellite was determined by XPS to assess the utility of the technique in determining the CEC of small quantities of layered silicate minerals and to investigate the extent of surface (as opposed to interlamellar) uptake of a wide variety of cations by a typical clay mineral. The latter objective is difficult to achieve using conventional exchange techniques because strongly adsorbed ions are liable to become 'fixed' in the clay and thus are not accessible to normal cation-exchange procedures. XPS can, however, be used to differentiate between surface and interlamellar uptake since although the total sampling depth of the technique is about 100/~, the probability of a photoelectron escaping from the surface without Air-dried clay containing 8% loosely bound water removable at 70-100~ (estimated by thermogravimetric analysis). 2 Fe203. 3 There was insufficient material for the adequate determination of both Ca and Ba in this sample.
energy loss---and so contributing to the measured peak intensity--decreases exponentially with its depth of origin beneath the surface. As long as the particle sizes are > 100 A in diameter, such a distinction can be validly made even with randomly oriented particles.
EXPERIMENTAL AND RESULTS
The beidellite used was similar to that described by Weiss et al. (1955) and has a quoted layer composition of (Mg0.zTAll.76Fe3+0.01)(Si3.5~A10.44) O9.92(OH)2. The layer charge of the mineral was determined by the alkyl ammonium method of Lagaly and Weiss (1969) as 0.43 charges per (Si, A1)4 unit. Two 0.5-g samples of the <2-/~m fraction were chemically analyzed by standard procedures for major elements, initial dissolution being by fusion with sodium hydroxide (see Bennett and Reed, 1971) . The results are given in Table 1 . In addition there was no XPS evidence for the presence of potassium in the original beidellite indicating that this beidellite is not a mixture of smectite and illite as has sometimes been found.
Small samples of the <2-/~m fraction of the beidellite were exchanged with Na t, K +, Ca 2+, Pb 2+, Ba 2+, and a Ca2+/Ba 2+ mixture at room temperature using solutions of the appropriate chlorides or nitrates at 1 M concentration, except for barium nitrate which saturates at 0.3 M. Exchange was followed in each case by a constant number of alternate centrifugation and washing steps to remove excess salt from the clay. Any loss of material during this washing process should have been the same for each cation-exchanged sample. It is unlikely that there was selective loss of small particle size material by some samples and not by others. After drying at 70-100~ the samples were powdered and pressed at 10 tons/inY into pellets up to approximately 1 mm in thickness. When the quantity available was limited (-30 mg) thinner pellets were used, but were more difficult to handle. Even smaller quantities of material (~> 10 mg) can be pressed into a suitable backing but are then more difficult to reclaim. The surfaces of the pellets were abraded with a stainless steel razor blade immediately before insertion into an AEI ES 200A electron spectrometer for XPS measurements.
After analogue XPS scans were made to confirm the integrity of the sample (see Figure 1) , the principal peaks were recorded digitally in 0.5 eV steps with counting times ~<20 sec. Background was subtracted, and the peak areas were determined using a computer program, assuming the net background at each point to be proportional to the total integrated peak intensity to higher kinetic energy (KE), i.e., lower binding energy. Analogue scans only were used in the study of the Babeidellite and peak areas were here obtained by square counting. Although the air-dry clays contained varying amounts of water, the O 2s peak remained constant in intensity with respect to Si within a few percent for all the samples, suggesting that very roughly the same proportion of water molecules is retained under high vacuum in each cation-exchanged species. As XPS is a nondestructive technique, the samples used could be reclaimed for further study. A 30-rag sample of the Ca/ Ba-exchanged beidellite and similar samples of the Baand Ca-exchanged clays were each fused with NaOH and their Ca (Ca-clay only) and Ba contents determined nephelometricaUy, as recently described by Adams and Evans (1979) . The results are included in Table 1 .
The relative atomic abundances of the principal elements were obtained from the XPS peak-intensity ratios by application of the relation E of the inelastic mean free paths hA and hB of the photoelectrons are approximated as EA ~ and EB~ In each case a contamination correction is applied to allow for the inevitable presence of adsorbed carbonaceous impurities to a thickness D on the surfaces of the samples. The exponent of this final term reduces to -cE -~ if h E ~ and the coefficient c is treated as an empirical constant for a given set of experimental conditions (see Evans et al., 1977) . In these studies c does not exceed 14.3, and thus the correction amounts to only a few percent over the usual KE range. Analytical data obtained by this method for the 6 cation-exchanged beidellite samples are given in Table 2 .
DISCUSSION
Two types of cation uptake by layered silicate minerals are usually considered to be possible. The dominant, and much more extensively investigated, mode of uptake results from penetration of the interlamellar region of the mineral by cations balancing the negative layer charge which accompanies cation substitutions within the aluminosilicate layers. Interlamellar uptake is believed to be responsible for the bulk of the CEC of the 2:1 layer minerals. Exchange of cations at the periphery of mineral particles, where one might expect to find "unsatisfied valencies," can also occur, and indeed the low CEC of the 1:1 clay minerals is often attributed to such exchange. The extent to which similar effects occur in the 2:1 minerals of the montmorillonite family has, however, remained unclear, although studies of the surface uptake of Co and Zn by some layered silicates have been described by Hodgson and Tiller (1962) and Tiller and Hodgson (1962) . Specific surface exchange is not, however, restricted to clay minerals, and Bancroft et al. (1977) recently demonstrated that Ba 2+ is strongly retained on the surface of calcite crystals.
The CEC of a clay mineral is generally estimated via some exchange process involving two cations which are not strongly retained by the mineral, sodium or calcium being common examples. Consideration of the XPS data in Tables 1 and 2 suggests that exchange by these cations does indeed occur in beidellite to an extent consistent with the independently determined layer charge for the mineral. Uptake of K § Pb 2+, and Ba 2+, however, apparently occurs to a substantially greater extent. These ions are not normally used in CEC determination because of the risk of their becoming 'fixed' in the clay. Since the anions of the salts used for exchange did not give rise to detectable XPS peaks, the washing procedure used in this study to remove excess salt appears to be adequate. For such excess salt on the surface the principal XPS peak would be roughly comparable in intensity with the major cation peak. Only very small quantities of salts could thus have remained undetected on the surfaces of the clay particles; certainly not enough to cause the effects observed. The excess uptake shown in Table 2 is greater than the probable experimental error, and while this might conceivably reflect a greater interlamellar uptake, such an uptake is improbable from a structural point of view. It seems more probable in view of the results for Ba chemical microanalysis that these ions, unlike Na § and Ca 2+, are strongly held on the edges or surfaces of clay particles.
The results for the Ca/Ba-exchanged clay provide strong support for this hypothesis. The Ca 2+ uptake is essentially identical with that of a purely Ca2+-exchanged sample, while the Ba 2+ uptake, assumed to be exchanged on the surface is equal to the excess uptake found when Ba salts alone are used in the exchange process. It is notable that the smaller Ca 2+ ion apparently monopolizes the interlamellar sites even though the independent experiment with the larger cation alone indicates that Ba 2+ ions can also penetrate the interlamellar regions.
The extent of excess uptake is the same within experimental error for K + , Pb 2+, and Ba 2+, suggesting that the same sites (possibly hydroxyls at the particle edges) may be active in all three cases. It is, however, interesting that the Ba uptake on Ca/Ba exchange is much less as determined by bulk chemical analysis than as (2) 1 Obtained using cross sections from Evans et al. (1978) and Adams et al. (1977) . Ca 2s and Ba 3d were extrapolated as 0.42 and 9.4 (relative to F ls = 1.00), respectively. determined by XPS, and that the excess (bulk) Ba uptake in the Ba-exchanged clay was indeed not even detectable by comparison of the approximate CEC for Ca 2 § and Ba 2 § determined by bulk chemical microanalysis (Table 1) . It should, perhaps, be noted here that although it might be possible to account for the apparent excess surface exchange by assuming that some or all of the Pb or Ba were in the form of PbOH § or BaOH § this would give Pb or Ba values obtained by bulk chemistry of the same magnitude as those derived from XPS, which is not the case.
Where such surface effects are of little importance, e.g., with Na +-and Ca2+-clays, the exchange capacities of small quantities of a mineral specimen can evidently be estimated nondestructively to within about 12%. The analytical capability is, moreover, not restricted to CEC determination. In the present work, for example, the Si:A1 ratio for the beidellite layers was estimated by XPS as 1:0.59 (Table 1) , within 3% of the value given by bulk gravimetric analyses (1:0.604, Table 1 ). XPS is thus valuable in the study of both the bulk and the surface chemistry of clay minerals.
